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SUMMARY 
Rectifying semiconductor junctions are crucial to electronic devices. They convert alternating 
current into direct one by allowing unidirectional charge flows. In analogy to the current-flow 
rectification for itinerary electrons, here, a polar rectification that based on the localized oxygen 
vacancies (OVs) in a Ti/fatigued-SrTiO3 (fSTO) Schottky junction is first demonstrated. The fSTO 
with OVs is produced by an electro-degradation process. The different movability of localized OVs 
and itinerary electrons in the fSTO yield a unidirectional electric polarization at the interface of the 
junction under the coaction of external and built-in electric fields. Moreover, the fSTO displays a 
pre-ferroelectric state located between paraelectric and ferroelectric phases. The pre-ferroelectric 
state has three sub-states and can be easily driven into a ferroelectric state by external electric field. 
These observations open up opportunities for potential polar devices and may underpin many useful 
polar-triggered electronic phenomena. 
 
Progress and potential 
Charges in a matter can be either itinerant or localized. The current rectifier devices based on 
itinerant charge have been realized at the end of the19th century and become a building block in 
current electronics. The polar rectifier device based on localized charges, which holding great 
potential applications in future electronics, has not been realized yet. In this manuscript, we present 
a first demonstration of polar rectification based on the localized oxygen vacancies (OVs) in a 
Ti/fatigued-SrTiO3 (fSTO) Schottky junction. The fSTO with OVs is produced by an electro-
degradation process. The different movability of localized OVs and itinerary electrons in the fSTO 
yield a unidirectional electric polarization at the interface of the junction under the coaction of 
external and built-in electric fields. Our observations open up opportunities for potential polar 
devices and may underpin many useful polar-triggered electronic phenomena.  
INTRODUCTION 
From the perspective of movability, charges can be divided into two types: itinerant and localized.1 
The movement of itinerant charge carriers generates a current under an electric field. Metals or 
ohmic contacted heterojunctions exhibit symmetric J-V curves where the intensity of current J is 
independent of the direction of electrical field V (Figure 1A). For heterojunctions with a non-ohmic 
contact, a rectifying effect with asymmetric J-V relation is expected,2 as schematically shown in 
Figure 1B. The rectification of itinerant charge carriers has become a key signal-processing tool in 
current electronics, ranging from power supplies to high frequency detectors, smart phones, 
computers, TV-sets and wireless communications. The localized charges, on the other hand, can 
generate electric polarization when placed in an electric field. In general, the relationship between 
the polarization strength (P) and V is symmetric for either a single dielectric material or a non-ohmic 
contacted heterointerface (Figure 1C). Finding an asymmetric P-V characteristic, i.e., polar 
rectification, is a natural expectation, and it may have potential applications in the field of switchable 
rectifier, energy storage, and computation. 
 
In this context, the manipulation of remnant polarization, especially at the surface/interface, is of 
great importance for the creation of polar rectification. Recently, it has been shown that polar 
switching of ferroelectric thin films is sensitive to the electric boundary conditions at the 
surface/interface, including space charge generated from band bending or charged states formed 
from defects/surface adsorbates.3,4 The electronic asymmetry at the ferroelectric surface/interface, 
especially space charge accumulated near the metal-ferroelectric interfaces, can often generate a 
displacement of the P-V hysteresis loops, particularly along the electric field axis.3,4 Such 
displacement is a biased effect with negligible on/off ratio, and the polar rectification phenomenon 
has not been reported so far. However, the idea related to the localized charge manipulation near the 
metal-dielectric interfaces may provide a possible route for the realization of polar rectification. 
 
Oxygen vacancies (OVs) in oxides can act as either mobile or localized donors, and their behavior 
at the metal-oxide interface can be controlled electrically.5 As a typical transition metal oxide with 
high dielectric constant, low dielectric loss, and good thermal stability, SrTiO3 (STO) is widely used 
in inverter capacitors, resistance switching random access memories, and other electronic devices.6,7 
Considerable research efforts have been devoted to the OV-induced structural, electric, magnetic, 
and ferroelectric properties in STO single crystals and metal-STO heterojunctions.6-13 In addition, 
STO was identified as an incipient ferroelectric material, which approaches but does not cross the 
ferroelectric phase transition due to quantum fluctuation.14,15 Introducing OVs can suppress the 
quantum fluctuation and stabilize the ferroelectric phase,16 yet unidirectional electric polarization 
has not been reported. Here, by repeatedly applying the electric field to Ti/STO heterojunction, an 
electrical-fatigued STO (fSTO) crystal with OV-electron pairs is created. By controlling the 
movement of OV-electron pairs in the depletion layer of Ti/fSTO junction, a polarization 
rectification effect is realized. Further structural, dielectric, Raman, and nonlinear optical 
measurements show that such fSTO resides in the crossover regime between the pristine quantum 
paraelectric state and the ferroelectric state. A small external electric field (<1.2 kV/cm) can drive 
this pre-ferroelectric STO crystal into ferroelectric phase within the temperature range from 50 K to 
170 K. 
 
RESULTS AND DISCUSSION 
 
Figure 1. Schematic images of J-V and P-V relationships for typical electronic devices and 
SHG experimental results of Ti/STO junctions.  
(A) The J-V relationship of a resistor.  
(B) The J-V relationship of a p-n junction.  
(C) The P-V relationship of a dielectric material.  
(D) Schematic image for a Ti/fSTO/Au heterojunction and SHG measurements for the electric 
polarization. The red and blue balls represent the oxygen vacancies and electrons, respectively.  
(E) Electric field dependent SH-intensity for both pristine and fatigued Ti/fSTO junction measured 
at T = 300 K. The arrows represent the electric field sweeping direction. 
 
The structure of the Ti/STO heterojunctions is sketched in Figure 1D. A (001)-orientated STO single 
crystal (5×5×0.5 mm3) was covered by a 6 nm-thick Ti layer (anode) on the surface and a100 nm-
thick Au layer (cathode) on the back. Both pristine-STO (pSTO) and fSTO samples were studied, 
with the latter produced by sweeping electric field from 0 to 10 kV/cm up and down more than ten 
times on the Ti/STO junction. Before, during, and after the fatigue process, the electric polarization 
in the Ti/fSTO junction is measured by the second harmonic generation (SHG) technique, which is 
highly sensitive to symmetry breaking and often used in probing electric polarization in ferroelectric 
crystals and thin films (Supplementary Figure S1).17-19 Figure 1E shows the SH intensity as a 
function of external electric field (Eext) for the Ti/fSTO heterojunction. As sweeping Eext from 
negative to positive values, the SH output signal for the Ti/pSTO junction is negligible and remains 
constant in the whole measured field range (red line in Figure 1E). In contrast, for the Ti/fSTO case, 
it is apparent to find an asymmetric SH-Eext loop as Eext sweeps (blue line in Figure 1E). When a 
negative Eext is applied, i.e., Ti(-)/STO(+), the SH output signal is small and remains constant, 
similar to that of the pristine case. For positive Eext, on the other hand, the SH intensity increases 
monotonously with increasing Eext. The ratio of SH signal for Eext = +6 and -6 kV/cm is around 32, 
which can serve as the on/off ratio of this polar rectification junction. Comparing the SH-Eext results 
of both pristine and electro-fatigued STO junction, we conclude that the fatigue process of STO 
crystal plays a key role in realizing polar rectification. 
 
Figure 2. XPS spectra of for both pSTO and fSTO crystal.  
(A) The XPS spectra of Ti in STO crystals. Inset of (A) is the XRD results of (002) peak for both 
pSTO and fSTO crystal.  
(B) The XPS spectra of Sr in STO crystals. Inset of B) is the polar plots of the SH intensity versus 
the polarization angle of output light for Eext = 0 V/cm of pSTO and Eext = 0 V/cm, 10 kV/cm of 
fSTO. 
 
As mentioned above, the fatigue process of STO crystal was done by sweeping large Eext up and 
down repeatedly in the Ti/STO junction. This is similar to the processes adopted in previous 
works,10,11,20 where electric-field-fatigued STO was reported. It was also found that the Ti/STO 
interface can act as an oxygen getter. The work function (ФM) of Ti is 4.33 eV. The band gap, 
electron affinity, and charge neutrality level for SrTiO3 are 3.3 eV, 3.9 eV, and 4.6 eV, respectively.21-
23 The bands lineup between the work function of metal and the charge neutrality level of STO, 
which gives a Schottky barrier height (built-in potential) of -0.27 eV (band bending down) for 
Ti/STO (Supplementary Figure S2). The electric field in the interface of depletion layer (Ein) is 
calculated at ~ 45.8 kV/cm based on the sharp Schottky diode model (Supplementary Figure S2), 
which is much larger than the Eext applied here. When the applied Eext is opposite to Ein, i.e., 
Ti(-)/STO(+), no OVs can be generated as Eext is much smaller than Ein. For the Ti(+)/STO(-) case, 
however, the OVs can be continually generated near the Ti/STO interface when Eext exceeds a 
critical value (Ec).11 For the Ti/pSTO(001) junction, the Ec is around 8 kV/cm. In this work, with 
sweeping Eext up and down between 0 and 10 kV/cm (>Ec), OVs are generated and migrate into the 
STO. After 10 electric cycles, many remnant OVs were produced near the Ti/STO interface and thus 
an electro-fatigued STO layer is created (Figure 1D). Due to the large intensity of Ein, most remnant 
OVs were located in the depletion layer of Ti/ STO junction. It was calculated that the width of 
depletion layer (Wd) increases from one hundred nanometers to several micrometers when Eext was 
swept from 0 to 10 kV/cm (Supplementary Figure S2). We emphasize that such electro-fatigue 
process can only be realized in the metal/STO junction with bending down of electron energy band. 
For the band bending up (ФM > 4.6 eV) cases, such as Au/STO, the remnant OVs and thus fSTO 
could not be produced due to the opposite direction of Ein, which has been confirmed by X-ray 
measurements (Supplementary Figure S3). These features are also consistent with previous reports, 
in which the oxygen atoms were proved to be able to transfer from the STO to the metal layer 
resulting in the formation of OVs in STO.12,13,24 
 
In fSTO, the ejection of the neutral oxygen leaves a lattice deformation (OV) and two extra electrons. 
These electrons can stay in the OVs accompanied by strong relaxation of the neighborhood lattice 
(a polaron).25 For simplicity, the OVs with attracted electrons are labeled as OV-electron charge 
pairs here. With an Eext applied, the displacement of electrons from the OVs in the fSTO would 
produce an electric polarization, which can be detected by the SHG measurement. In our experiment, 
the whole electro-fatigued process was monitored by the SH measurements (Supplementary Figure 
S4). It was found that the Eext = 10 kV/cm is enough to fatigue (001)-oriented STO crystal, while it 
is insufficient for (110) and (111) STOs (Ec > 10 kV/cm), which indicates that the creation and 
migration of OVs is harder in the latter two crystalline directions (Supplementary Figure S5).  
 
To further confirm the existence of OVs in the fSTO, X-ray photoelectron spectroscopy (XPS) was 
performed. Figure 2A and 2B show the high-resolution XPS spectra of Ti 2p and Sr 3d for the 
fatigued and pristine STO, respectively. These XPS data were calibrated by the C1s spectra 
(Supplementary Figure S5). Comparing with that of the pSTO, the XPS peaks of the fSTO shift to 
higher energy. Specifically, the peaks of Ti 2p1/2 and Ti 2p3/2 shift about 0.28 eV and the two peaks 
of Sr 3d shift about 0.25 eV. This indicates the existence of OVs in the STO.26 In addition, X-ray 
diffraction (XRD) results show that the (002) diffraction peak of fSTO crystal shifts to lower 2θ 
angle (the inset of Figure 2A), which indicates the elongation of c-axis and therefore the existence 
of OVs in the whole near surface region.10,11 
 
 
Figure 3. The schematic illustration of energy band diagram of Ti/fSTO junctions.  
(A-C) presents the band structures with (A) Eext < 0 V/cm, (B) Eext = 0 V/cm and (C) Eext > 0 V/cm. 
The work function (ФM) of Ti is 4.33 eV, and the charge neutrality level of STO is 4.6 eV. The pink 
and blue arrows indicate the polarization direction of OV and electrons pairs and the electric field 
in the depletion layer of the junction. 
 
When a conventional dielectric material, such as pSTO, is placed in an electric field, the positive 
and negative charges slightly shift from their average equilibrium positions in an opposite way. 
Nevertheless, the overall positive and negative charge centers in the material are still coincident. 
Then there is no remnant electric polarization exist, except minor field-induced charges on surface, 
which would contribute to the polarization as well as the SH output. The amount and the direction 
of those surficial charges are determined by both the intensity and the direction of Eext. Hence, a 
symmetric P-Eext relationship can be obtained (Figure 1C). This is the case for Ti/pSTO junction 
(red curve in Figure 1E). However, the situation is different if there are excess charges, such as OVs. 
These excess OVs-electron pairs can be separated by Eext, producing electric polarization as well as 
SH output, which has been confirmed by our experiments (blue curve in Figure 1E). It should be 
noted that the movability of positive OVs and negative electrons are completely different. While the 
electrons can be easily moved by the electric field, as a structural defect, the movement of OVs 
requires higher energy as proved by the fatigue process. The Eext values in our study are smaller 
than the highest electric field used for the fatigue process (10 kV/cm), which only drives the 
electrons around essentially static OVs.  
 
Figure 3A-3C shows the schematic band diagram of Ti/fSTO Schottky junctions with different Eext. 
When Eext = 0, the band bending and the charge accumulation happens in the Wd (~133.8 nm), 
accompanied with Ein pointing from Ti to STO (Figure 3B). The OV-electron pairs in the depletion 
layer were separated due to the existence of Ein, which produce a small remnant polarization as well 
as weak SH signals (Figure 1E and blue circles in the inset of Figure 2B). When Eext < 0, Wd shrinks 
and the amount of OVs in the depletion layer is reduced. As the result, less polarization as well as 
weaker SH signals can be detected (Figure 1E). When Eext > 0, as shown in Figure 3C, Wd extends 
wider and the number of OV-electron pairs in the depletion layer increases much. At the same time, 
the Eext induced separation of OV-electron pairs gives rise to much larger polarization as well as SH 
signal. It was found that, comparing to the SH result obtained with Eext = 0, a 7 kV/cm Eext causes 
25 times increase of SH output (Figure 1E and the inset of Figure 2B), which corresponds to a 5-
fold enhancement of P. Obviously, due to the low movability of OVs and the variation of Wd in 
Ti/fSTO Schottky junction, an asymmetric SH-Eext relationship was obtained as shown in the Figure 
1E. This polar rectification observed in fSTO is analogous to the current rectification in 
semiconductor heterojunctions. This electric field induced rectification effect of electrical 
polarization may have potential applications in the memory device, high voltage protection, and so 
on. 
 
Figure 4. The Raman spectrum of pristine and fatigued STO.  
(A) and (B) The Raman spectrum at different temperatures when E = 0 V/cm for pristine STO and 
fatigued STO, respectively.  
(C) and (D) The Raman spectrum at different electric fields of pristine STO (T = 80 K) and fatigued 
STO (T = 60 K), respectively.  
The blue arrows in (A) indicate the E1g+B1g modes. The blue arrows in (D) indicate the TO/LO 
modes. 
 
The OVs distort the lattice structure of STO crystal (inset of Figure 2A), which may also give rise 
to a transition of the electronic phases of STO crystal. To further clarify the exact phase state of 
fSTO, Raman spectra were measured at different temperatures and the typical results are shown in 
Figure 4. For pSTO, there is a cubic to antiferrodistortive (AFD) structure transition at Ta~105 K 
and the Eg+B1g (143cm-1, 446cm-1) Raman modes emerge below Ta.27 This has been confirmed by 
Figure 4A. For fSTO, however, the Raman spectra are almost temperature independent (Figure 4B). 
No Eg+B1g Raman modes are found down to 10 K, which implies a suppression of the AFD 
structure transition by OVs. More than that, no ferroelectric phase is formed, as implied by the 
absence of first-order LO phonons modes that has been identified as the signature of ferroelectric 
phase in perovskite oxides.28 Figure 4C and 4D show the Raman spectra under Eext for both pristine 
and fatigued STO measured at T = 60 K and 80 K, respectively. It was found that the Raman spectra 
of pSTO are insensitive to electric field up to 10 kV/cm. Interestingly, a series of first-order LO 
phonon Raman modes, i.e., peaks at 173 (LO1/TO2), 475 (LO3), 803 cm-1 (LO4), as well as the 
ferroelectric structural phase were induced in fSTO by external electric field.28 It implies that, 
comparing with pSTO, the fSTO can be easily driven into the ferroelectric state. These observations 
indicate that the OVs in fSTO has suppressed AFD and driven the STO to the border of the FE phase. 
From this viewpoint, it is reasonable to deduce that the fSTO is in a pre-ferroelectric state. 
 
Figure 5. The temperature dependence of SH intensity for fatigued and pristine STO with Eext 
= 0 and 1.2 kV/cm respectively. 
 
To further explore the pre-ferroelectric state in fSTO, the temperature dependent SH output has been 
studied. As depicted in Figure 5, the SH measurement of pSTO shows that there is almost no 
spontaneous polarization in whole measurement temperature range. As for the fatigued sample, 
there is an upturn of SH signal around 170 K and a drop of SH output below 40 K (red curve in 
Figure 5). This feature implies that there are three sub-states for the pre-ferroelectric STO crystal at 
different temperatures. We assign them as pre-ferroelectric state I (T > 170 K), II (40-170 K), and 
III (below 40 K), respectively. To further study the different pre-ferroelectric states of fatigue STO, 
the temperature dependent SH measurements with application of a small electric field (Eext = 1.2 
kV/cm) were done (blue curve in Figure 5). For pre-ferroelectric state I, there is negligible effect on 
SH signal with such small Eext. When the fSTO get into pre-ferroelectric state II, a large 
enhancement of SH output was found. Around 80 K, the SH is enlarged more than 5 times by a 1.2 
kV/cm electric field. Such electric field enhancement remains below 40 K, which implies the 
application of Eext help suppress quantum fluctuation in the fSTO. The temperature dependence of 
pre-ferroelectric state might originate from the temperature dependence of ionization of OVs in 
fSTO. Based on the SH results, it seems that the OVs-electron pairs are more easily separated in the 
temperature range of 40-170 K, which may be attributed to the structural transition of fSTO crystal 
within this temperature range.  
 
Conclusion 
In conclusion, by utilizing electric field sweeping technique, the fSTO with OVs inside was created. 
Taking advantages of different movability between OVs and electrons in the depletion layer, a polar 
rectification was realized for the first time in a Ti/fSTO heterojunction. The temperature and electric 
field varied SH output, X-ray diffraction and Raman measurements, we identified that such STO 
owns a pre-ferroelectric state, which is just between quantum paraelectric and ferroelectric states. 
Moreover, it is interesting to find that the fSTO with pre-ferroelectric state is easily to be driven into 
ferroelectric state by an external electric field. These findings not only give further path to study the 
ferroelectric state of perovskite oxides, but also provide a novel electric rectification device that 
may be a building block in future electronics. 
 
EXPERIMENTAL PROCEDURES 
Sample fabrication. The Ti/STO/Au sandwiched samples for SH and dielectric measurements were 
obtained by depositing 6-nm-thick Ti layer on the top and 100 nm-thick Au layer on back side of a 
(001)-STO substrate (3 × 5 × 0.5 mm3, doubly polished), respectively. The Ti (anode) was grown 
by magnetron sputtering in an Ar atmosphere of the pressure 5 × 10−3 mbar at room temperature. 
And the Au layer (cathode) was grown through thermal evaporation in the vacuum chamber. Since 
Ti layer is only 6 nm in thickness, the laser light can pass through it without obvious reflection from 
the metal layer. The electro-fatigued process of STO crystal was done by sweeping up and down of 
electric field (0 to 10 kV/cm) with Keithley 2410 source.  
 
The SHG measurement. The 45° reflection geometry with fundamental wavelength at 800 nm 
(150 fs duration at 1 kHz repetition rate) was used here. A half-wave plate was used to rotate the 
polarization angle of the incident pump pulses and a Glan prism was used to rotated the polarization 
angle of the output SH pulses. The SH photons, selected by the monochrometer, were transformed 
by a photomultiplier tube and then recorded by a lock-in amplifier (details can be found in 
Supplementary Figure S1). 
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A. The description of Second Harmonic Generation (SHG) measurements.  
 
Figure S1. Schematic for optical second harmonic generation in the reflection geometry. 
Focusing lenses are marked by L1, L2, L3. A half-wave plate (λ/2) is used to rotate the 
polarization axis of the incident fundamental light. A long-pass filter (LPF) is placed 
before the sample to filter out residual SHG light from the laser system. A band-pass 
filter (BPF) is used to block fundamental light from entering the photodetector (PMT). 
The inset area is the amplification of STO based heterojunction. 
 
As shown in Figure S1, the SHG measurement was carried out in a 45° reflection 
geometry with fundamental wavelength at 800 nm (150 fs duration at 1 kHz repetition 
rate). A long-pass filter was used in the incident optical path to ensure that only the 
fundamental light (λ = 800 nm) could arrive to the sample, and the short-pass filter in 
the reflected direction could filter the fundamental light (800 nm) mixed with the SH 
light (400 nm). A half-wave plate was used to rotate the polarization angle, θ, of the 
incident pump pulses where θ is the angle between the polarization axis of the incident 
light and the xz-plane. Glan prism was used to rotated the polarization angle, ψ, of the 
SH pump pulses where ψ is the angle between the polarization axis of the SH light and 
the xz-plane. The SH photons selected by the monochrometer were transformed by 
photomultiplier tube and then detected by lock-in amplifier. 
 B. Band structural analysis of the Ti/SrTiO3/Au junctions 
 
Figure S2. The schematic illustration of energy band diagram of (a) Ti/STO Schottky 
junction at Eext = 0 V/cm and Au /STO Schottky junction for (b) Eext = 0 V/cm, (c) Eext 
= 10 V/cm and (d) Eext = -10 V/cm. 
 
 Simple calculation for the width and the electric field in the depletion layer of 
Ti/STO junction 
In the metal/SrTiO3 (STO) Schottky junction, when nm>>nN the depletion layer 
width (W) can be written as: 
𝑊 = [
2𝜀𝑠
𝑞
(
𝑛𝑚+𝑛𝑁
𝑛𝑚𝑛𝑁
) (𝑉𝑏𝑖 ± 𝑉)]
1/2 ≈ [
2𝜀𝑠
𝑞
(
1
𝑛𝑁
) (𝑉𝑏𝑖 ± 𝑉)]
1
2
         (S1) 
where nm is the carrier concentration of metal and nN is the oxygen vacancies 
concentration of STO, 𝜀𝑠 is the dielectric constant of STO (300 at room temperature), 
q is the electron charge, Vbi is the built in electric voltage of metal/STO Schottky 
junction, and V is the external electric voltage. For Ti/STO junction, the oxygen 
vacancies concentration nN is estimated as 5*1017/cm3, and the built in voltage Vbi = 
0.27 V.1 Accordingly, the W with different applied voltages can be obtained as 
1) When V = 0 V, the depletion layer W0 = 133.7 nm 
2) When V = 500 V, the depletion layer W500 = 5.759 μm  
According to Gauss’s law, the electric field as a function of position in the depletion 
layer can be given by: 
{
𝐸(𝑥) = −
𝑞𝑁𝑑
𝜀𝑠
(𝑊0 − 𝑊)      0 < 𝑊 < 𝑊0
𝐸(𝑥) = 0                           𝑊0 ≤ 𝑊
           (S2) 
It can be found that the largest value of the electric field (Ein) is located at the 
interface and it can be calculated as: 
𝐸𝑥=0 = −
𝑞𝑁𝑑𝑊𝑑
𝜀𝑠
= −
1.6∗10−19𝐶×5∗1017𝑐𝑚−3
300∗8.854×10−12𝐶𝑉−1𝑚−1
∗ 133.7𝑛𝑚 = 40.2𝑘𝑉/𝑐𝑚 (S3) 
 
 Simple calculation for the width and the electric field in the depletion layer of 
Au/STO junction 
For the Au/STO junction, the built-in voltage Vbi = 0.5 V. Similar to the Ti-STO 
case, the W with different applied voltages can be obtained as 
1) When V = 0 V, the depletion layer W0 = 182.3 nm 
2) When V = -500 V (E = 10kV/cm), the depletion layer W-500 = 5.759 μm 
Also, the electric field in the depletion layer can be calculated based on Eq S2. It 
is found that the largest value of Ein in Au-STO junction is obtained at the interface and 
it is given by: 
𝐸𝑥=0 = −
𝑞𝑁𝑑𝑊𝑑
𝜀𝑠
= −
1.6∗10−19𝐶×5∗1017𝑐𝑚−3
300∗8.854×10−12𝐶𝑉−1𝑚−1
∗ 182.3𝑛𝑚 = 54.9𝑘𝑉/𝑐𝑚 (S4) 
 
Next, let’s discuss why the oxygen vacancies (OVs) and the polarization 
rectification cannot arise in Au/STO Schottky junction. Figure S2 shows the schematic 
illustration of energy band diagram for Ti/STO Schottky junction and Au/STO Schottky 
junction. For Ti/STO Schottky junction, the Ein is pointed from Ti to STO as shown in 
Figure S2a. The OVs will be produced at the interface and be driven into the STO 
crystal due to the coaction of Ein and external electric field (Eext). For Au/STO junction, 
however, the situation is quite different. As shown in Figure S2b, the Ein is pointed from 
STO to Au due to the different band structure. Moreover, it was found that the Ein is 
larger than Eext, and hence the movement of extra charges in the junction is dominated 
by the direction of Ein. Consequently, even there is OVs can be generated at the Au/STO 
interface, the OVs will be driven to the Au electrode and then they will be neutralized 
by the electrons from Au electrode. As a result, no remnant OVs will be produced in 
the Au/STO junction, let along the polarization. The detail band bending structure of 
Au/STO junction with different direction of Eext are shown in the Figure S2c and S2d.  
Another possible reason for the difficult of the OV producing in Au/STO is the 
ability of the oxidation. It was found that the Ti is easy to be oxidized than the Au.2 
Hence, it can be expected the Ti is easy to catch oxygen from STO than the Au, i.e., the 
OVs are easy to be created in Ti/STO junction than in Au/STO with assistance from the 
coaction of Ein and Eext. 
C. The XRD results with application of Eext for both Ti/STO and Au/STO junctions  
 
Figure S3. The X-ray diffraction (XRD) results of (002) peak for (a) Ti/STO and (b) 
Au/STO crystal with different Eext. The XRD results of (002) peak at different electric 
field for STO demonstrate that the OVs movement in Ti/STO and Au/STO are different. 
For Ti/STO, as shown in Figure S3a, the (002) peak is broadened when Eext exceeds 12 
kV/cm. However, there is no obvious change when a negative Eext is even up to -20 
kV/cm. For the Au/STO junction, it is interesting to find that the crystal lattice remains 
the same until the Eext reaches 20 kV/cm [the direction of Eext used here is pointed from 
Au to STO].  
 
D. Electro-degradation process for the fatigued SrTiO3 
 
Figure S4. (a) The normalized electric field dependence of SH intensity with Pin-Pout 
geometry measured in Ti/(001)-STO with different times (n = 1, 3, 5 and more than 10 
times) of the the electro-fatigued process (sweeping up of Eext). (b) The electric field 
dependence of SH intensity measured for Ti/(001)-, (111)-, (110)-STO junctions. For 
the electro-fatigued process, the STO single crystals (5*5*0.5 mm3) was covered with 
a 6 nm-Ti (anode) on the surface and a 100 nm-Au (cathode) on the bottom. We applied 
the electric voltage up to 500 V (10 kV/cm) at the rate of 2 V/s on STO. And then the 
10 kV/cm field was kept on Ti/STO for 30 minutes. For n = 1, there is little change of 
detected SH until Eext exceeds 8 kV/cm, and then there is a sharp increasing of SH 
polarization when Eext = 10 kV/cm. It implies that the critical electric field (Ec) for the 
creation of OVs is around 8 kV/cm for the Ti/STO interface. As the time of applied 
electric fields increases, the Ec is decreasing. As shown in the Figure S4a, with 
sweeping up and down of Eext, it become easy to detect the polarization which implies 
that more and more OVs are created during electro-fatigued process. The fatigued STO 
(fSTO) was formed after repeating this process more than ten times. Same electro-
fatigued process was done for both Ti/(111)-STO and Ti/(110)-STO junctions. However, 
as shown in the Figure S4b, the output SH signals for both (111) and (110) cases are 
close to zero and have no change with increase of Eext up to 10 kV/cm. It implies that 
the Ec is crystalline direction dependent ant it is much larger for (111) and (110) cases 
than that for (001) crystal.  
 
E. Calibration of C1s XPS spectra for fatigued and pristine SrTiO3 
 
Figure S5. The C1s XPS spectra of both pristine STO (pSTO) and fSTO. In maintext, 
the XPS spectra of both Ti and Sr were measured to identify the existence of OVs. To 
eliminate the experimental errors of XPS data, the C1s spectra were measured to 
calibration the Ti and Sr XPS spectral. As shown in the Figure S5, there is almost no 
difference between fSTO and pSTO, which indicates that the XPS data obtained here 
are reliable. 
 
F. Dielectric constant (ɛ) for both pSTO and fSTO crystals 
 
Figure S6. The temperature dependence of dielectric constant (ɛ) with different 
frequency for both (a) pSTO and (b) fSTO crystals respectively. For pSTO crystal as 
shown in Figure. S6a, the ɛ increases with the temperatures decrease from 300 K down 
to 10 K. Moreover, the ɛ decreases with increase of the frequencies of the ac electric 
field (f). These features are consistent with the previous reports.3 For fSTO crystal as 
shown in Figure S6b, the ɛ also increases with the temperature decrease from 300 K 
down to 10 K. However, with increasing of f up to 30 kHz, there is a broad dielectric 
peak emerges at low temperatures. Furthermore, the peak position shifts to high 
temperatures when the f increases. One point should be noted that such dielectric peak 
observed here is not as sharp as that in the STO with ferroelectric state,4 and its 
temperature and frequency dependent behaviors are similar to those of relaxed 
ferroelectricity.5-6 Such relaxed behavior might be resulting from the contribution of 
separated OVs-electron pairs in the depletion layer of Ti/STO junction. The polarized 
top layer (~ 5 um) mixed with un-polarized bottom layer (~ 495 um) could produces a 
relaxed ferroelectric behavior as shown in the Figure S6b. 
 
G. The estimation of OV concentration at the surface of fatigued STO 
The existence of OVs plays an important role in the realization of both pre-ferroelectric 
state and polar rectification property in Ti/fSTO heterojunctions. It was reported 
previously, the STO with different OV concentration could hold phase transition from 
insulator to metal.7 Accordingly, it is important to estimate the oxygen vacancy 
concentration in the fSTO crystal used here.  
Firstly, the color of the fSTO and pSTO crystal were checked. It was found that there 
is no difference between two kinds of crystal. Both of them show colorless, even for 
the surface of fSTO sample. It implies that the OV concentration is low and the fSTO 
is still an insulator because the surficial color would be blackened if STO become 
conductive.8,9   
Secondly, the electronic conductance of fSTO crystal were measured roughly. With an 
ohmmeter, the resistance of the fSTO crystal surface was measured. It was found that 
the resistance (R) of fSTO surface is over rang of the ohmmeter, i.e., R > 200 MΩ, 
indicating a conductance σdc < 5×10-8(Ωcm)-1. In 1993, P. Calvani et al. have obtained 
that there is a corresponded relationship between conductance and the carrier 
concentration (N) as shown in the following Table 1.[10] Accordingly, it can be found 
that the carrier concentration of fSTO should be lower than 5×1010 cm-3. 
 
TABLE 1. The values of room-temperature dc conductivity, which are determined by 
four wire measurements, the carrier concentration, and the σdc of different samples.10 
Sample σdc (Ωcm)-1 N (cm
-3) 
N 1.1×10-8 10
1 
M ×10-8 5×1010 
B 0.25 2.5×1017 
P 2.2 2×1018 
 
At present stage, it is difficult for us to obtain the exact OV concentration of fSTO 
crystal and it will be done in our next study in near future. 
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